INTRODUCTION
The cytoskeleton of eukaryotic cells is a network of microfilaments, intermediate filaments, and microtubules. The microtubules, hollow tubes made up of αβ-tubulin heterodimers, provide structural support for the cell and play a role in cell division, cell movement, and intracellular transport. The actin and tubulin subunits from which microfilaments and microtubules are comprised require the cytosolic chaperonin CCT (also known as c-cpn or TriC) for proper folding (1) . However, in contrast to the folding of actin and γ-tubulin, which require only chaperonin and ATP, the folding and dimerization of α-and β-tubulin is a complex process involving the additional presence of GTP and five tubulin folding cofactors (2) (3) (4) . After release from CCT, quasi-native folding intermediates are captured and stabilized by cofactors A or D (in the case of β-tubulin) or by cofactors B and E (in the case of α-tubulin) (5, 6) . A supercomplex is then formed consisting of cofactors C-E and α-and β-tubulin. Finally, the αβ-tubulin heterodimer is released upon hydrolysis of GTP (7, 8) . In addition, the interaction of cofactor D with native tubulin is regulated by the small G protein Arl2 (9) .
Of the five cofactors, structures have been determined only for cofactor A (10, 11) and the C-terminal glycine-rich cytoskeleton-associated protein (CAP-Gly) domain of cofactor B (12).
However, a recent study combining modeling and fold prediction tools identified previously unknown domains of cofactors B-E (13) . These include a spectrin-like domain in cofactor C, HEAT and Armadillo domains in cofactor D, and leucine-rich repeats (LRRs) in cofactor E. In addition, the N-and C-termini of cofactors B and E, respectively, were predicted to adopt a ubiquitin-like β-grasp fold. Here we report the structure of the Caenorhabditis elegans cofactor B ubiquitin-like (CoB Ubl) 4 that of ubiquitin, it is unlikely to function as a ubiquitin-like covalent modifier of other target proteins. Instead, we hypothesize that the domain has separate interaction sites for binding both α-tubulin and cofactor E.
EXPERIMENTAL PROCEDURES
Cloning. We developed an E. coli based expression system to produce the N-terminal half of tubulin folding cofactor B from C. elegans, residues 1-120. PCR was used to amplify a gene fragment coding for the N-terminal 120 amino acids with BamHI and HindIII sites at the 5' and 3' ends, respectively, to facilitate insertion into a modified pQE30 vector (Qiagen, Valencia, CA). The coding sequence of the insert was verified by DNA sequencing.
Protein Expression and Purification. The pQE30T-CoB (1-120) expression construct was transformed into E. coli strain SG13009[pRPEP4] (Qiagen). Cell were grown at 37 ˚C in LB media containing 150 µg/mL ampicillin and 50 µg/mL kanamycin until the cell density reached -NTA resin (Qiagen) in batch mode for 30 min at room temperature, packed into a 5 mL disposable column and washed with 3 × 10 mL portions of lysis buffer. The bound protein was eluted with 3 x 10 mL portions of elution buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 250 mM imidizole, 0.1% (v/v) 2-mercaptoethanol). Eluted fractions were pooled and dialyzed against 4 L of 50 mM sodium phosphate pH 7.4, 100 mM NaCl, 0.1% (v/v) 2-mercaptoethanol overnight at 4 ˚C. Separation of the fusion tag was performed concurrently with dialysis by addition of a catalytic amount of TEV protease (~1,000:1). The (His) 8 affinity tag was separated from the recombinant protein using a second Ni +2 -NTA column. The TEV cleavage product was incubated with Ni +2 -NTA resin as described above, and washed with 3 × 10 mL portions of lysis buffer. Target protein that has been separated from the affinity tag no longer interacts with the column and is obtained from the wash fractions. Fractions containing pure target protein were pooled and dialyzed into 2 x 4 L of 20 mM sodium phosphate pH 6.5, 50 mM NaCl. Dialyzed protein was concentrated, and purity and identity were verified by SDS-PAGE and mass spectrometry.
During the course of NMR data collection for structural analysis, signals corresponding to residues at the C-terminus gradually became weaker and split into multiple species, suggesting that this portion of the protein may be susceptible to proteolytic degradation. Mass spectrometry revealed a series of species derived from the initial product by removal of varying numbers of amino acids from the C-terminus. As described below, residues beyond Val-84 are unstructured and highly mobile, making the C-terminus more susceptible to degradation. However, chemical shifts of residues 1-115 were unperturbed by heterogeneity at the C-terminus, indicating that the protein tertiary structure was unaffected.
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NMR spectroscopy. All NMR data were acquired at 25 ˚C on a Bruker 600 MHz spectrometer equipped with a triple-resonance CryoProbe TM and processed with NMRPipe software (14) . (15) . Backbone resonance assignments were obtained in a semiautomated manner using the program Garant (16), with peaklists from 3D HNCO, HNCACO, HNCA, HNCOCA, HNCACB, and CCONH spectra generated manually with XEASY software (17) . Sidechain assignments were determined manually using 3D (19) . Additional NOE constraints were added in each round of calculations, and structures were generated using a simulated annealing protocol (10,000 steps total).
Assignments for consistently violated restraints were reevaluated. Of the final 100 structures calculated, the 20 conformers with the lowest target function values were selected for analysis.
Final refinement in explicit solvent with experimental constraints and nonbonded energy terms was performed in XPLOR-NIH (20) using a recently described protocol (21) that improves the quality of NMR structures in terms of validation criteria such as Ramachandran statistics and Zscores. Sidechain assignments were completed by manual analysis of the CCONH and HCCH-TOCSY spectra.
An automated procedure for iterative NOE assignment (18) Table 1 .
The CoB Ubl domain ( Figure 2C ) consists of a mixed five-stranded β-sheet in the order 21534, a single major α-helix (residues 28-39) that packs in the concave groove of the β-sheet, and a short 3 10 helix (residues 68-71) in the loop between strands 4 and 5. These secondary structure elements are consistent with those of ubiquitin (26) and form a tertiary structure corresponding to the common β-grasp fold, which is widespread among proteins having little sequence or functional similarity. The tertiary structure is stabilized by interactions between the buried sidechains of the hydrophobic residues Tyr are also conserved in ubiquitin and serve a structural role. In addition to the low sequence identity, the β1-β2 and β3-β4 loops vary in length among CoB sequences. Most notable is an insertion of 24 residues between strands 3 and 4 in the Ustilago maydis sequence compared to the vertebrate and other higher eukaryotic sequences.
Structural comparison to other Ubl domains.
A search for homologous structures using both VAST (30) and FATCAT (31) revealed a high level of structural similarity to ubiquitin and other ubiquitin-like modifier proteins such as Nedd8 and Rub-1. Significant similarity was also found between other members of the ubiquitin superfamily, including elongin B (32), the UBX domains of FAF1 (33) (Figure 4) . Sequence similarity between the CoB Ubl domains and these proteins is very low (only 4-16% identity), with a majority of the type-conserved residues belonging to the hydrophobic core. Low sequence similarity has hindered the identification of Ubl domains in CoB sequences from other species, leading to the suggestion that the human (tubulin-specific chaperone B) and S. cerevisiae (Alf1) orthologs lack this N-terminal domain (36) . However, we verified the presence of the Ubl domain in all of the sequences shown by using the Fold & Function Assignment System (FFAS) server (37) , which predicted significant similarity to ubiquitin for all cofactor B sequences in a search of the Pfam database.
A key feature of the backbone structure of the CoB Ubl domain is the flexible loop (residues 52-56) between strands β3 and β4. This loop contains two solvent-exposed Asp residues, which are conserved among the mammalian CoB Ubl domains. Absent in ubiquitin and ubiquitin-related modifier proteins, in the UBX, PB1, and CAD domains this loop is important for interactions with binding partners (34, 38, 39) . Because of its recurring functional role, a scheme proposed for classification of ubiquitin-like domains would take the length of the β3-β4 loop into account (34) . The UBX domain is defined in part by a conserved Phe-Pro sequence motif in the 4-residue loop; thus, along with other differences, CoB Ubl cannot be categorized as a UBX domain. However, as discussed below, it displays striking similarities to the CAD domain of ICAD and the PB1 domain type I, both of which contain conserved acidic residues within a five-residue loop (39,40).
The DCX domain was recently reported to be the first known microtubule-binding module with a canonical ubiquitin fold (41) . Both the solution structure of the N-terminal DCX domain (one of two homologous tandem domains) from human doublecortin (PDB code 1MJD) and the crystal structure of the equivalent domain from human doublecortin-like kinase (DCLK; 11 PDB codes 1MFW and 1MG4) were determined. Although the DCX and CoB Ubl sequences display only 20% similarity, they are structurally similar with an rmsd of 3.1 Å between the alpha carbons of 72 equivalent positions ( Figure 4E ). Like CoB Ubl, the DCX domain contains a 4-residue β3-β4 loop, whereas it has longer loops on either end of the α-helix. In addition, a short 3 10 helix is found in an extended C-terminal sequence, and specific interactions with a Trp sidechain anchor the C-terminal helix to the DCX domain. While the CoB N-terminal construct examined in this study contains a similar sequence extension, none of the analogous stabilizing interactions between the Ubl domain and C-terminus appear to be present, as evidenced by the enhanced mobility detected by NMR. The doublecortin protein is essential for normal development of the cerebral cortex, and a number of disease-causing missense mutations map to the surface of the tandem ubiquitin-like
DCX domains that bind microtubules (41). While there is little sequence conservation between
CoB Ubl and DCX, many of the doublecortin mutations are likely to affect the electrostatic potential and cluster in the same region of the C-terminal DCX domain surface as the putative α-tubulin-binding residues of the CoB and CoE Ubl domains described above. Since C-DCX binds to tubulin heterodimers and microtubules, rather than free tubulin monomers, the details of those interactions may differ from those of CoB with α-tubulin. However, one of the disease-causing doublecortin substitutions is an Arg residue (Arg 196 ) that is found on strand β2, in a location analogous to the CoB Ubl "KK" motif. Thus, the cluster of basic residues on the CoB surface may serve a common functional role with similar microtubule binding elements of the doublecortin DCX domains.
The only known structure of a protein that binds monomeric tubulin is that of cofactor A (10,11). Although its structure, a three-helix bundle, is completely different from that of CoB, like CoB Ubl its surface is highly hydrophilic. Cofactor A binding to β-tubulin, which is highly homologous to α-tubulin, was studied using cofactor A peptides and three interaction sites were identified (11) . These sites contain mostly polar residues, both positively and negatively charged, but also some hydrophobic residues. It is therefore likely that the α-tubulin binding sites of CoB (38) . The type I PB1 domain is defined by a conserved sequence motif, the "OPCA motif", made up of acidic residues located in the β3-β4 loop and an alpha helix following strand β4 (45) . The only strictly conserved residue in type II PB1 domains is a basic residue found in strand β1. Similar to PB1 domain heterodimerization, the CAD domain (CD) of caspase-activated deoxyribonuclease (CAD) contains two basic clusters that interact with two acidic clusters on the CAD domain of its inhibitor (iCAD-CD) ( Figure 6B ). The acidic residues in iCAD-CD are similarly found in the β3-β4 loop and after strand β4. While acidic residues are not strictly conserved at these positions across species, a higher proportion of acidic residues than basic residues is found in the β3-β4, β4-α3, and α3-β5 loops of all sequences. Therefore, we hypothesize that, as observed in the PB1 and CAD heterodimers, acidic CoB residues may participate in electrostatic interactions with the basic residues of CoE Ubl. Additional residues, such as the conserved aromatic residue at position 71 of CoB Ubl, may be involved in the binding interface. Because of sequence variations and minor differences in tertiary structure, it is expected that a CoB/CoE complex would necessarily diverge in some respects from the examples set by the PB1 and CAD complexes. The interacting regions of a possible CoB/CoE complex are depicted in Figure 6C ; however, confirmation of this interaction must await further study.
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The β-grasp fold as a ubiquitous protein interaction domain. The CoB Ubl domain represents yet another example of the ubiquitin-like β-grasp fold as a scaffold for the presentation of residues involved in protein-protein interactions. While the proposed interactions are electrostatic in nature, like those of the DCX, PB1 and CAD domains, ubiquitin and other ubiquitin-like domains, such as UBX (34) and elongin B (48) form complexes stabilized primarily by hydrophobic interactions. The versatility of the β-grasp fold appears to be a direct result of its stable hydrophobic core that requires a minimal level of sequence conservation.
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